Implementation of the ECFA
detector R&D roadmap on
quantum sensing

Friday 10 March 23



What’s next!?

Quantum sensors for high energy particle physics

In line with the RECFA R&D roadmap, it makes sense to consider a
quantum-sensing R&D program that brings together the following
strands to agree on the most relevant technology developments:

Clocks and clock networks 5.3.1
Kinetic detectors 5.3.2

Spin-based sensors 5.3.3
Superconducting sensors 5.3.3

Optomechanical sensors 5.3.4

Atoms/molecules/ions 5.3.5
Atom interferometry 5.3.5

Metamaterials, 0/1/2D-materials
Quantum materials 5.3.6

also, but not
exclusively for HEP

AN

clocks &
networks of
clocks

Optical clocks with selected HCIs: 10-18 accuracy ]
Prototype nuclear clocks, solid state and trapped ion technologies
and soft x-ray frequency combs in 60 eV~400 eV for HCT ; reliable fiber fasers to drive such combs
Ultralight DM (10%~10 eV) searches via spacetime variation in clock frequencies: factor 10-100 improvement

5 - 6 orders improvement over current clock dark matter limits

Full kinematics of decaying trapped radioisotopes: keV sterile v

[
%.g Upgraded magnetic torsion balance: factor 100 improvement on ultra-low mass axion DM >
£o Full kinematics of decaying trapped radioisotopes: keV sterile v factor 100 improvement

3 Particle DM detectors (mechanical accelerometers) for Planck scale DM

Full kinematics of decaying trapped radioisotopes: keV sterile v 5-6 orders improvement
10-100x improvement in spin amplifiers & masers

o ¢ |Precessing ferromagnets i :
c2 Squeezing / entanglement in vapor and NV sensors, NV sensor ensembles >
28 g Lamw:ﬁzm&mm&msﬂmctors

Precessmg ferromagnets n spage mlsswns ]
Prototype ultra-low energy neutrino scattering detection

super
conducting
sensors

Phase-sensitive upconverters (Squeezing, entangled resonators)
TES, MKID, CEB (f< 100 GHz)
Qubits photon counters, entangled cavifies( > 30 GHz)

Superconducting RF cavities: factor 100-1000 improvement on dark photons >

Space-based networked detectors (DM)

— Optical cavity constraints on scalar DM ; >

8, |_Levitated sensors for high frequency GW and axion searches
689 100 m scale cryogenic Levitated sensors for high frequency GW and axion searches >
=5 § Cavity & accelerometer scalar/vector DM searches, squeezed light
o o

E 2]

Particle DM detectors (e.g. levitated particles in cavity) for Te\/~PeV scale DM

atoms/
molecules/
ions

Josephson junctions for voltage reference: factor of 10

eEDM result with trapped ultracold molecular systems
All exotic species can be sympathetically laser cooled: factor 10-100 improvement in precision >

Rydberg atoms for GHz-THz axion (mass = peV~meV) detection, QED tests via precision spectroscopy

Entangled molecules to get to Heisenberg-limited spectroscopy; better candidate molecules

inter-
ferometry

macroscopic wave packet QM tests (decoherence, non-linearity)
Clock atom interferometry

Atom interferometry at 1 km scale >
Multi-site entangled systems

Space-based atom interferometry (GW & DM)
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quantum sensing & particle physics

R E C FA D ete CtO r R& D road m a‘P 2 O 2 I https://cds.cern.ch/record/2784893

Chapter 5: Quantum and Emerging Technologies Detectors

2025-2030 2030-2035
|Clocks and clock networks 5.3.1| ‘ . . . . . . ‘ . . ’
@ 00000000000000000
Spin-based sensors 3. . . ‘ . ‘ . . ‘ . . . . ’ . ‘ ‘ .
Superconducting sensors 5.3.3 ® ® . 000000 ‘ [ N ) . . ‘ | N .
Optomechanical sensors 3.4 ® . 00 ‘ . . . . . [ . . .
Atoms/molecules/ions 30| ® 000000 OVOOOGOGOIOGOOSONOTSOS
Atom interferomet 5.3.51 @ ‘ . . . . . . . ‘ . . ‘ . . . ’
Metamaterials, 0/1/2D-materials 5.3.6 0000 . ® . o0 . . . . .
Quantum materials 5 3.6 o000 ® . 000 . o ‘ [ N ‘ . . ‘ .
. Must happen or main physics goals cannot be met . Important to meet several physics goals Desirable to enhance physics reach @ R&D needs being met
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RDq Collaboration and Platforms

* RDq collaboration anchored at CERN
RDq with spokesperson, CB, Int. Adv. Board;

* RDq has 6 sensor-family specific R&D

platforms (RDql .. RDg6) each with
% . their own coordinator, coordination
,f-. & O,)) /o/;’(oo) 0: /))

. - % : : .
o %, P %, s W, 3%, board and project evaluation board;
. . Q ~ e . .
2.5, co, Ve 2, <, %% O,))“oﬂ. * RDgi can and should be hosted in
Yo, % SN S IR % %, . :
%o, RN 2% 08 %%, different national labs or research
< 7, ()hd o 9 . . . .
¢ " ¢ + d institutions world-wide, to reflect the

strengths and interests of the hosting
entity

 Attempt to have theoretical physicists
involved in each platform

Building on this proposed structure, next steps are:
J'* Contact family of experts in quantum technologies that was involved in the ECFA roadmap to:
v/* Brainstorm around possible (HEP) applications;
v« Discuss potential convenors for the RDgi and host institutions;

* Identify projects (VWPs) for the various platforms

* Start building communities of experts around the RDqi’s;
* Prepare for April meeting (3.4~6.4 @ CERN & ZOOM among convenors)

draft 20/1/23 M. Doser
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ECFA Detector Panel Detector R&D Committee |n |t|a_| Phase

follows developments through involvement in:
EDP » DRDC

submits proposal based on
@ ~12 initial WP’s to DRDC; evaluates DRD5 proposal
(RDq spokesperson)
interested follows progress of platforms;
parties follows DRDC approved projects;
approached by verifies that focus of projects
platform is along lines of roadmap
convenors
[.1.2023 ...
/jg’% projects ~12 projects
I Q”é“/o proposed by selected for
o F collaborators proposal / LOI DRD5
o % 15.3.2023 ... | 72023 collaboration
pl 0“@:@0 ; spokesperson
% ﬁ;‘
%;/;% \ \\ platform collaborators
6, G «
3 "%3”% — representatives of WP RDqi
%(o ‘p@o;"}/go the hosting entities
4 | o2, =X ]
% EDP ive 7
o 20 % representative ! .
“o‘,;? 5 4 new RDq projects
5 ”e@;;_;% v internally evaluated
2 5 “’ﬁo,;‘% > 1.1.2024
% GG“? '
6 |= P proto-collaboration
%i/}% discussions & proposal
% preparation
g 34-64.,2023 ... draft 2/2/23 M. Doser
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@ reporting
EDP » DRDC > 1.1.2024

funding | funding
agencies agencies

follows progress of platforms;
follows DRDC approved projects;
verifies that focus of projects
is along lines of roadmap

,:6% projects
I S,
b, proposed by

0.0
&% collaborators DRD5
collaboration
%%
. S spokesperson
s 6
0/\
$
%% N platform collaborators

““Go?og,o - representatives of
o) o & . . .
4 2, %&O’%? the hosting entities
3 i
Q.Q
2.% - . c .
o "%"’o,(-\ int. advisory committee ?
4 .
AN new RDq projects
> .
5 20 internally evaluated
L 2o 268
S 2N
6 | =2 > ject evaluation board
0%, project evaluation boar
P04, discussions & proposal
o/\.’ . .
2 evaluations for new RDq projects
¢ draft 25/10/22 M. Doser
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timeline

— formal proposal based on -2
platform convenors L?’Lpeacstidsjgnj :2 E)fp\lgtclal constitution of initial projects per sensor
identified P(b 'RD cpokesperson) DRD5 / “RDq” family subm. to DRDC
7 REQ 5P P collaboration (by RDq spokesperson)
2.2023 4.2023 10.2023
>
/ / 72023 / 1.1.2024
interested projects preparation ¢ preparation
parties proposed by m to of LOI conierence to of proposal
identified / interested br'.alnstorm / discuss & fine- containing the
approached parties discuss the tune the “DRDC”
by platform (initial main prfaposed prfaposed projects,
CONVENors focus on HEP) projects and projects and (as well as
select the to explore indicating
initially most further ideas additional
promising “town-hall meeting” | “non-DRDC”
ones projects)
call for wide participation in RDqi >
36/36 draft 25/1/23 M. Doser
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~ Fermilab

@ ornL

DESY
®

®cern

possible platform hosting entities

U.Tokyo / KEK

[ISc / TIFR

@ possible ECFATFS family platforms (6 families) = organizational responsibility for a given family

draft 20/1/23 M. Doser

Friday 10 March 23




example from FCC

Supervision  Oversight

Supervision Oversight

................

Execution

CERN
Council

Collaboration
Board

Steering
Committee

Scientific Advisory
Committee

Coordination
Group

structure of RDq

1 collaboration
' board

....................................................................................................................................

et it IR e SRR  EEEEEEET R
[ coordination platform platform platform platform platform platform
\_ boards )i | RDgq; RDgp RDgs RDgq4 RDgs RDgs
E h S — l_ ______________________________________________________________________________________________________
5 | | | | |
3 WP WP WP WP WP WP
X RDqi-1 | | RDgs-2 RDqs-n RDqi-1 | | RDgi-2 RDqi-n
I I I (X X I I I
: project | project . project project | | project project
. | RDqi-1 | RDgi-2 RDgqi-m RDqs-1 | | RDgi-2 |**°| RDqi-m

......................................................................................................................................

draft 2/2/23 M. Doser
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